The light-quark flavor dependence of the proton sea has been of great interest for many years because of its close connection with non-perturbative effects. One hypothesis is that the sea arises from the pion cloud of the proton. We make precise predictions based on the pion cloud idea for an anticipated future measurement. This is achieved by applying light cone perturbation theory and experimental constraints to a chiral Lagrangian so that the relevant Fock-space components of the nucleon wave function are computed with reasonable accuracy. Existing experimental information regarding the light flavor sea is studied, and predictions, including uncertainties, for future experimental results are provided. Future experiments will either confirm or rule out the idea that the pion cloud provides the flavor dependence of the proton's sea quark distribution, and have profound implications for understanding the nucleon-nucleon force.
Textbooks tell us that nucleons are composed of u and d valence constituent quarks, but this cannot be the whole story because the gluons inherent in QCD must generate quark-anti-quark pairs. Thus one is led to the question: Do the pairs arise only from perturbative evolution at high momentum scales, or do they have a non-perturbative origin? A definitive answer would provide great help in understanding the nature of confinement and also fundamental aspects of the nucleon-nucleon force. Perturbative QCD predicts a sea that is almost symmetric in light flavor. However, the discovery of the violation of the Gottfried sum rule told us thatd quarks are favored over u quarks [1] . This highlighted the importance of the pion cloud of the nucleon [2, 3] .
To truly understand the sea one needs to know more. Efforts to measure the ratiod/ū by the E866 collaboration [4, 5] have been ongoing and continue with the SeaQuest experiment [6] . Theoretical treatments are reviewed in [7, 8] .
The pionic contribution to the nucleon sea is of special interest. Understanding the pion and its interaction with and amongst nucleons is a necessary step in learning how QCD describes the existence of atomic nuclei. As a nearly massless excitation of the QCD vacuum with pseudoscalar quantum numbers, the pion is a harbinger of spontaneous symmetry breaking. The pion is associated with large distance structure of the nucleon [9] [10] [11] and its exchange between nucleons provides the longest ranged component of the strong force.
A non-perturbative sea arises from the pion cloud. Here we aim to make definitive predictions of the pion cloud model. Previous calculations have been beset with ambiguities related to the dependence of the vertex function on momentum transfer and on the possible dependence upon square of the four-momentum of intermediate baryons [7, [12] [13] [14] [15] . We provide a lightcone perturbation theory approach capable of making predictions with known uncertainties.
In a light cone perturbation theory (LCPT) description, the proton-wave function can be expressed as a sum of Fock-state components [16] [17] [18] [19] . Our hypothesis is that the non-perturbative light-flavor sea originates from the bare nucleon, pion-nucleon (πN ) and pion-Delta (π∆) components. The interactions are described by using the relativistic leading-order chiral Lagrangian [20] [21] [22] . Displaying only the interaction terms to the relevant order in powers of the pion field, we use
where ψ is the Dirac field of the nucleon, π a (a = 1, 2, 3) the chiral pion field and M is the nucleon mass. In Eq. (1) g A denotes the nucleon axial vector coupling and f π the pion decay constant. The second term in Eq. (1) is the Weinberg-Tomazowa term which describes low-energy π−nucleon scattering.
Our previous work [3] included the effects of the ω meson, and was based on one-boson exchange models of the nucleon-nucleon potential. Current treatments of this interaction do not include the explicit effects of exchanged vector mesons as their masses represent a high-energy scale [23] [24] [25] . Thus we now regard any potential ωB component of the nucleon wave function as being part of the bare sea of the nucleon, and do not treat the ω as part of the cloud. Similarly, we neglect potential effects of the ρ meson. The general procedure for deriving the LCPT for any Lagrangian is to construct the Hamiltonian operator from the T +− component of the energy momentum tensor [16, 17, 19, 26, 27] .The Hamiltonian can be written in terms of a sum of kinetic energy operators, M 2 0 and interaction terms, denoted as V , see Fig. 1 . The first two terms are standard interactions, and the third is an instantaneous term that enters only when including effect of higher orders in the coupling constant. The Hamiltonian forms of the single-pion emission or absorption terms displayed in Fig. 1 are expressed as matrix elements evaluated between on-shell free nucleon spinors [16, 17, 19, 26, 27] . The light-front Schroedinger equation for the proton, p, is given by:
where |p 0 represents the nucleon in the absence of the pion cloud, the bare nucleon, and Z is a normalization constant. Given Eq. (2), the wave function can be expressed as a sum of Fock space components given by
where dΩ πB is a phase-space integral [18, 19] . In this formalism the pion momentum distributions f πB (y), which represent the probability that a nucleon will fluctuate into a pion of light front momentum fraction y and a baryon of light front momentum fraction 1 − y, are squares of wave functions, | πB|Ψ | 2 integrated over k ⊥ . The Lagrangian of Eq. (1) is incomplete because it is not renormalizable. We regulate divergences using a physically motivated set of regulators constrained by data. If chiral symmetry is maintained, one finds that the πN vertex function g πN (t) and the nucleon axial form factor are related by the generalized Goldberger-Treiman relation [28] ):
where t is the square of the four-momentum transferred to the nucleons and f π is the pion decay constant. Eq. (4) follows from PCAC and the pion pole dominance of the pseudoscalar current and is obtained from a matrix element of the axial vector current between two on-mass-shell nucleons. The tdependence of g A is determined for t > 0 by lowmomentum transfer experiments [28] , with M A the single parameter. Eq. (4) relates an essentially unmeasurable quantity g πN (t) with one g A (t) that is constrained by experiments.
In evaluating the nucleon wave function Eq. (3) the necessary vertex function must be applicable to situations when either pion or baryon or both are off their mass shells. We use frame-independent pion-baryon form factors, in which a nucleon of mass M and momentum p emits a pion of mass µ and momentum k and becomes a baryon of mass M B and momentum p − k:
The value of Λ is chosen so that using F (k, p, y) is equivalent to using a form factor of the form of Eq. (4) in computing f πN (y). Although motivated by data, the function F can also be thought of as arising from a Pauli-Villars regularization. Using F (k, p, y) allows us to obtain a pion-baryon light front wave function. We explain for the πN system. The form factor is part of a model for the πN vertex function Γ a (k, p) = kγ 
The spinors are evaluated for on-shell kinematics
and (8) where t N ≡ M 2 y 2 /(1 − y). Using Eq. (4) or Eq. (7) yields the same f πN because the integrand is dominated by the region of low t.
Next is the intermediate ∆ contribution. In Eq. (1) the ∆ i field is a vector in both spin and isospin space. The pionic coupling between nucleons and ∆ particles has an off-diagonal Goldberger-Treiman relation [21, 31] similar to Eq. (4). Lattice calculations [31] show that g πN ∆ (t) g πN (t) = 1.61 are constant as a function of the space-like values of t and are nearly independent of the quark mass used in the calculation, and are also consistent with the Goldberger-Treiman relations.
The evaluation proceeds in the same manner as for the intermediate nucleon. The result is
. We turn to the application at hand: the use of Eq. (3) to compute the quark distribution function of a nucleon. Consider the role of the pion cloud in deep inelastic scattering, (Fig. 2) . One needs to include terms in which the virtual photon hits (a) the bare nucleon, (b) the intermediate pion [32] (πB) and (c) the intermediate baryon (Bπ) while the pion is in the air. The effects of the Weinberg-Tomazowa term vanish because the pion density operator is diagonal in the pion flavor index. 
. As x → 1, the pion valence quark distributions dominate, and
The ratiod(x)/ū(x) will approach 5, or 1/2, if the dominant splitting function as x → 1 is f πN or f π∆ . The pion valence quark pdf is obtained by evolving the pion valence pdfs of Aicher, Schäfer and Vogelsang (ASV) [33] from their starting scale to Q 2 = 54 GeV 2 , which is the scale relevant for E866. Our fit to the evolved valence distribution is given by q v π (x) = 1.39 x −0.331 (1−x) 3.12 7.18 x 2 + 1 . As in the ASV analysis, our pion sea quark pdfs are those of Gluck, Reya and Schienbein [34] , for which at 54 GeV 2 q s π (x) = 0.115
. Holtmann et al. [12] explained that the bare proton sea cannot be determined from experimental data, which includes contributions from the pion cloud. They ultimately [35] used a fit to DIS data that included corrections for the pion cloud to determine the bare proton sea. We use their symmetric sea:
15.6 (1. + 0.625x). This distribution is also used for terms Fig2 c for which the pion is in the air.
The input parameters must be described before presenting numerical results. The pion-nucleon splitting function f πN (y) depends on the coupling constant g πN and the form factor cutoff Λ. Our lower limit for g πN is 12.8, taken from the GoldbergerTreiman relation g πN = M fπ g A , with g A = 1.267 ± 0.04, M = 0.939 GeV, f π = 92.6 MeV. Our upper limit is g πN = 13.2, consistent with the scattering data analysis of Perez et al. [36] and the muonbased determination of g A by Hill et al. [37] . The cutoff parameter Λ of Eq. (7) is given by √ 3/2M A , with M A = 1.03 ± 0.04 GeV. The splitting function f πN (y) is shown in Fig. 3 for a range of parameters bounded by the maximum and minimum values of g πN and Λ. The splitting function f π∆ (y) depends on the coupling constant g π∆ and the form factor cutoff Λ. We use the same form factor and cutoff for f πN (y) and f π∆ (y).The upper limit of the coupling constant is obtained by using the quark model result (
25 , g π∆ = 1.7g πN . The lower limit of the coupling constant is obtained from the large N C limit of g π∆ = 1.5 g πN . The maximum and minimum values of g π∆ correspond to the maximum and minimum values of g πN . The splitting function f π∆ (y) is shown in Fig. 3 for the range of parameters bounded by the maximum and minimum values of g π∆ and Λ.
The integrated asymmetryD −Ū is the difference in number ofd andū quarks in the proton sea. With The experiment E866 [5] measured an integrated asymmetryD−Ū = 0.118±0.012. Our splitting functions predict an asymmetry of 0.101 ≤D−Ū ≤ 0.112, within the experimental error. We compare our values ofd(x) −ū(x) to experimental data in Fig. 4 . The bands are computed using minimum and maximum values of the splitting functions shown in Fig. 3 . The upper band is for for p → πN , the lower is for p → π∆. The central band shows the sum of these two contributions. This is narrow because of the cancellations between the two terms and the use of fixed ratios for the upper and lower limits.
Our calculations of the asymmetry ratiod(x)/ū(x) are compared with experimental data in Fig. 5 . The band is computed using minimum and maximum values of the splitting functions shown in Fig. 3 . Excellent agreement with experimental data is obtained for x < 0.2, but the decrease in the ratiod(x)/ū(x) for higher values of x is not reproduced. The displayed . Blue symbols E866 data [5] . The bands are computed using minimum and maximum values of the splitting functions shown in Fig. 3 . The upper band is for for p → πN , the lower is for p → π∆. The central narrow band represents the sum of the two contributions. [5] . The domain of the plot includes the range of x covered in the SeaQuest experiment [6] . The band represents our prediction for the results of that experiment.
band predicts the results of the SeaQuest experiment, which will cover the range 0.1 ≤ x ≤ 0.6. Our predicted asymmetry ratio peaks with increasing x until x ≈ 0.4 and then drops below 1 because of the dominance of the π∆ contribution at high-x. Thusd/ū can indeed drop below unity, but it is not likely that experiments will ever reach such values of x.
This letter presents a light-cone wave function calculation of the flavor content of the nucleonic lightquark sea. The formalism shows how to properly include the effects of form-factors in a four-dimensional treatment. This allows us to obtain results which include the effects of the uncertainties in the input parameters. These are small enough to provide a definitive test of the pion cloud's role in the nucleon sea. We would regard the pion cloud influence in the nucleon sea as being ruled out if our results were to disagree with the eventual results of the SeaQuest experiment.
The 
